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Introduction
Feeding development undergoes a series of maturational processes throughout gestation, from non-coordinated sucking and swallowing movements to fully coordinated suck-swallowbreathe that usually occurs after 34 weeks gestation [1] [2] [3] [4] . Unlike term or late preterm infants, very premature infants require parenteral nutrition and gavage feeding prior to reaching maturity for safe and independent oral feeding [5, 6] . During the transition from gavage to full oral feeds (FOF), which may take weeks to months, these infants have limited opportunities for suck and swallow practice and are subjected to frequent non-physiological orofacial stimuli while receiving necessary medical interventions such as endotracheal intubation, continuous positive airway pressure, oral and nasopharyngeal suctioning, and adhesive tapes limiting facial movements. These adverse experiences during a critical period for oral sensory-motorbrain development often result in delayed or abnormal feeding behaviors [7, 8] . Feeding difficulty is a significant contributor to prolonged length of stay (LOS) in the neonatal intensive care unit (NICU) [9] . The negative impact of feeding difficulties may persist into childhood, leading to growth failure and poor neurodevelopmental outcomes [10] [11] [12] [13] , particularly delayed language development [14, 15] .
Oral feeding is a complex process which involves suck-swallow-breathe coordination, cardiorespiratory stability, behavioral state organization and neuromuscular support. The progression of feeding maturation follows the Synactive Theory in which the developing fetus/ infant integrates multisensory inputs from the environment with internal physiological status and functional demands [16, 17] . Several entrainment strategies have been used to provide developmentally appropriate oral, auditory, olfactory, tactile/kinesthetic and vestibular sensory inputs to facilitate feeding development in the preterm infant [4, [18] [19] [20] [21] [22] [23] [24] [25] . Among these interventions, oral stimulation is the method most studied and may include using a pacifier offered by caregivers [4, 18] , or oral motor interventions performed by therapists [19, 26] . Oral stimulation has been shown to improve sucking skills and feeding performance [27] [28] [29] [30] [31] , shorten the time to achieve FOF and reduce LOS in the NICU [4, 18, 19, 26) . However, some of the beneficial effects were not observed consistently [32] [33] [34] [35] . To enhance the efficacy and consistency of oral stimulation via pacifier, Barlow et al. developed a bedside device, the NTrainer system, which delivers consistent patterned and frequency-modulated oro-somatosensory stimulation (PFOS) through a pneumatically pulsed pacifier interface [36] . PFOS has been shown to be more effective than a regular non-pulsatile pacifier in improving preterm infants' sucking and feeding performance [36, 37] . Thus, PFOS represents a potentially effective therapy for helping preterm infants achieve independent oral feeds. The objective of this multicenter randomized controlled trial was to test the hypothesis that preterm infants who received the PFOS training would transition to FOF earlier than those who received oral suck training with non-pulsatile pacifiers. study period. DT coordinated the clinical trial conducted at the five participating centers, monitored the progress of the study and critically reviewed the manuscript. The other authors have no conflicts of interest to disclose. DT is an employee of a Venture consulting LLC. This does not alter our adherence to PLOS ONE policies on sharing data and materials.
Participants
Preterm infants born at 26 0/7-30 6/7 weeks gestation were included (Fig 1) . Infants born between 24 0/7-25 6/7 weeks gestation were not included as originally planned because they were medically too unstable to initiate study intervention prior to 32 weeks of gestational age (GA) as specified in the protocol. Infants with chromosomal or congenital anomalies, meningitis, seizures, necrotizing enterocolitis � Bell stage 2, vocal cord paralysis, and those who were already taking feeds orally were excluded. Study investigators obtained written informed consents from parents of eligible infants and enrolled study patients at � 28 0/7 weeks postmenstrual age (PMA). Infants were randomized to the experimental or control group using a centrally generated four block randomization log using SAS v. 9.1 statistical software, stratified at each center by GA subgroup of 26 0/7-28 6/7 weeks and 29 0/7-30 6/7 weeks. The central coordinator assigned the randomization number after a study patient was enrolled. Infants of multiple births were randomized to the same intervention group. https://doi.org/10.1371/journal.pone.0212675.g001
Study interventions
We followed the previously published NTrainer oral training regimen [36] . Infants in the experimental group received the patterned frequency-modulated oro-somatosensory stimulation delivered via the NTrainer System (Innara Health Inc., Olathe, KS, USA) through a pacifier interface (Philips Avent Soothie Pacifier, Stamford, CT, USA). The pneumatic stimulator in the NTrainer system generates a series of pulses patterned as 6-cycle bursts followed by 2-second pause periods (Fig 2A) , which transforms the pacifier into a pulsating nipple. Each NTrainer pulse was frequency modulated (0 to 16 Hz) through the dynamic intraluminal pressure changes to stimulate oral facial nerves [38] . A PFOS training session lasted 20 minutes and consisted of three 3-minute PFOS epochs and two 5.5-minute non-stimulation epochs during which the pneumatic stimulator was switched off (Fig 2B) . Infants assigned to the control group received oral suck training using the same type of Soothie pacifier that was not pulsatile during the entire 20-minute session (Fig 2B) . Infants were continuously monitored during study sessions, and interventions were halted if an infant showed signs of intolerance to the intervention or instability in vital signs. Both experimental and control interventions were performed by non-blinded occupational and physical therapists or a small group of trained clinical nurses. Other NICU staff including physicians, nurse practitioners and the non-study clinical nurses were blinded. The same NTrainer System was set up at bedside during both experimental and control interventions.
Interventions began between 30-32 weeks postmenstrual age, once infants were tolerating enteral feeds and medically stable (i.e., not on any vasopressor, not mechanically ventilated, and FiO2 less than 40% if on continuous positive airway pressure or high flow nasal cannula � 2 LPM). Infants received full volume gavage feeding during intervention sessions. When the infant's mother was available for breastfeeding, intervention sessions were not performed. Interventions were performed up to 4 times daily to accommodate breastfeeding attempts. Interventions were stopped after a 2-week training period or when the infant reached full oral feeds, whichever came first. During interventions, if infants were inside isolettes they remained in the isolettes and were cradled in a supportive inclined position. Infants already weaned to open cribs received the interventions while being held in a feeding position on the lap of staff. Oral feeding was initiated after 31 6/7 weeks of gestation and advanced per oral feeding protocol (Fig 3) , developed based on the previous publication [39] . If the infant was on high flow nasal cannula (� 2 LPM) or continuous positive airway pressure, oral feeding was initiated when FIO2 was <40%. Oral feedings were conducted following developmental care practice which included continuously assessing the infants' autonomic and motor state, and responding in real time. Infants who showed feeding readiness, including alertness with adequate muscle tone, hand to mouth behavior, rooting or taking pacifier, were allowed to feed at their own pace for up to 30 minutes. If infants showed signs of fatigue or instability, feeding was stopped.
Outcomes
The primary outcome of the study was the number of days from initiation of oral feeds to successful FOF by bottle or breastfeeding. Successful oral feeding was defined as no gavage supplementation and taking at least 120 ml/kg/day of milk (if bottle-fed) for 48 consecutive hours with sufficient weight gain. Secondary outcomes of the study included LOS in NICU, PMA at FOF, PMA at discharge, weight gain (g/kg/day) using the published exponential model [40] , and head growth (cm/week) from birth to discharge. Infants were censored for the primary outcome if they died prior to achieving FOF, were discharged home with a gastrostomy tube, or were transferred to another hospital before reaching FOF. Infants were censored for the secondary outcome of LOS if they died or were transferred to another hospital. The study protocol specified collecting data to assess the ability to breastfeed prior to discharge, however, we were unable to collect this data due to lack of consistent documentation. Neonatal outcomes included mortality, necrotizing enterocolitis, late onset sepsis, aspiration pneumonia, and chronic lung disease.
Sample size and statistical analysis
The sample size calculation used the time to FOF (Mean 23 and SD 12 days) which was reported by Simpson et al [39] . The sample size of 210 infants (105 in each group) was calculated to detect a 5-day difference in time to reach FOF between the experimental and control groups, with a two-sided alpha of 0.05 and 80% power (β = 0.2) with allowance for up to 10% censoring of the primary outcome. Subgroup analysis in the GA groups of 26 0/7-28 6/7 weeks and 29 0/7-30 6/7 weeks was planned a priori. Data were collected by investigators at each study site and audited by an independent agency (Cosgrove Consulting, Blue Springs, MO). Intent-to-treat analysis (n = 210) was performed to compare the experimental and control groups. Outcomes between experimental and control groups were compared using generalized estimating equations [41] (StataCorp 2013, StataCorp LP, TX, USA) with a linear link for continuous variables (time to FOF, LOS, PMA at FOF, PMA at discharge, weight gain and head growth), and a logistic link for binary variables (mortality and morbidities), with clustering of errors at the familial level to account for randomization of multiple births to the same intervention group. Time-to-event analyses (time to FOF, LOS) were conducted using Cox proportional hazards models, which also clustered errors at the familial level to account for the randomization of twins and triplets to the same intervention group. This clustering of errors is consistent with previous studies that randomize twins to the same study arm [42] . Time-toevent analysis (time to FOF, LOS) was illustrated as Kaplan-Meier curves.
Results

Subject enrollment
There were 262 eligible infants and 210 were randomized (experimental group n = 109; control group n = 101), including 38 multiple births (32 twins and 6 triplets) (Fig 1) . Seven infants (2 experimental, 5 control) did not receive study interventions due to medical instability. There was 6.2% censoring for time to FOF; 7 in the experimental group (1 died, 3 discharged with gastrostomy tube feeding, 3 transferred) and 6 in the control group (2 discharged with gastrostomy tube feeding, 4 transferred). There was 3.8% censoring for LOS; 4 in the experimental group (1 died, 3 transferred) and 4 in the control group (transferred).
Demographics
There was no difference in the baseline characteristics of the infants between experimental and control groups in birth weight, GA, sex, race, ethnicity, antenatal steroid exposure, or study parameters between the experimental and control groups (Table 1) .
Compared to the infants in the control group, infants in the experimental group showed significant reduction in time to FOF and LOS (Table 2) . Time-to-event analysis showed that there was a significant reduction in time to FOF but not in LOS (Table 2, Fig 4) . There is a suggestion of reduction in both PMA at FOF and PMA at discharge in the experimental group, although it did not reach statistical significance. In the 29-30 weeks GA subgroup ( Table 2, Fig  4) , infants in the experimental group had a significant reduction in LOS and PMA at discharge. This difference was not observed in the 26-28 weeks GA subgroup ( Table 2) .
The X axis is the time in days to reach the outcome and Y axis is the percentage of infants that reached the outcome. Time to reach full oral feeds in the whole study cohort (A), in the 26-28 weeks GA subgroup (B) and in the 29-30 weeks GA subgroup (C). The length of hospital stay in the whole study cohort (D), in the 26-28 weeks GA subgroup (E) and in the 29-30 weeks GA subgroup (F).
Neonatal outcomes
There was no difference between experimental and control group neonatal mortality or morbidities (Table 3) . One infant in the experimental group died of liver failure, unrelated to the intervention. The percentage of infants with chronic lung disease was 17% in the 26-28 weeks GA subgroup (9 in experimental and 10 in control, p = 1.0) and 3% in the 29-30 weeks GA subgroup (0 in experimental and 3 in control, p = 0.08). 
Discussion
This multicenter clinical trial showed that infants who received PFOS attained FOF four days faster than the control group and in the 29-30 weeks subgroup, those who received PFOS were discharged from NICU ten days earlier than the control group. This intervention was well tolerated and did not have an adverse impact on growth, neonatal mortality, or morbidity. Infant sucking may be nutritive associated with swallowing milk or non-nutritive involving minimal swallowing except for infants' own saliva [43] [44] [45] [46] [47] . Both types of suck involve the oralpharyngeal neuromuscular system and are controlled by a neural network known as central pattern generators [3, 48] . Maturation of non-nutritive suck (NNS) has been shown to be a positive predictor for nutritive feeding performance [49] . A safe and effective oral feeding requires coordination between swallow and respiration [50] [51] [52] . Immaturity and associated respiration complications, such as respiratory distress syndrome and chronic lung disease, increase preterm infants' risk for aspiration [53] [54] [55] . Therefore, non-nutritive oral interventions are commonly performed on preterm infants before they are able to orally feed safely. These interventions have been shown to have multiple beneficial effects on feeding development. They accelerate maturation of the central pattern generators [3] , improve sucking skills and oral feeding performance [27-31]. Swallow practice with small milk boluses enhanced preterm infants oral feeding [32] . Although infants are not fed with milk orally during non-nutritive interventions, oral stimulation may increase saliva production and swallowing practice, which may facilitate synchrony between swallowing and breathing. A study conducted by Fucile et al. [56] has provided direct evidence that oral sensorimotor intervention facilitates suck-swallow-respiration coordination. Behavioral state is an important clinical parameter for assessing oral feeding readiness and performance [57, 58] . Several studies have shown that sucking on pacifiers helped infants achieve and sustain a quiet alert state prior to and during oral feeding and improved their feeding readiness and efficiency [59] [60] [61] [62] [63] . Time to transition from gavage to FOF is a commonly used outcome in studies of infant feeding [4, 19, 26] . A 2016 meta-analysis showed that providing infants with a regular pacifier, compared with providing no intervention, significantly reduced time from initiation of oral feed to FOF (-2.2 days, n = 100) [3] . Importantly, more recent studies show that non-nutritive oral interventions shortened transition time from gavage to breastfeeding and increased breastfeeding rates [64] [65] [66] [67] [68] . Some of these effects were not observed consistently [32] [33] [34] [35] . The discrepancies may result from differences in intervention methods, study protocols (i.e., timing, duration, and frequency of interventions) and patient populations, small sample sizes that are not powered to reach statistical significance, or operator-dependent variations [3, 19] .
Previous studies have shown that PFOS, delivered by NTrainer through a pulsatile pacifier interface, is more effective than a non-pulsatile pacifier in facilitating NNS maturation in preterm infants [18, 19, 25] . The regular non-pulsatile pacifier training depends on preterm infants' suck movements which are immature, low amplitude, low frequency (0-2 Hz), and of poor consistency. In contrast, the PFOS provides consistent oral-somatosensory stimuli which mimic the amplitude and frequency of mature NNS bursts [36] . The efficacy of PFOS also critically depends on the characteristics of its frequency modulation (0-16 Hz) [38] , which targets the touch frequency spectrum of orofacial mechanoreceptors (0-100 Hz) [69, 70] . This broader stimulation spectrum may generate more effective sensory inputs in inducing neuroplastic changes in brainstem feeding centers and sensory and motor cortices [71. 72] . A large observational study showed that infants born at 26-30 weeks' gestation, with routine care, attained FOF at 37-39 weeks PMA [73] . In our study, infants who received non-pulsatile pacifier NNS training reached FOF at 36 weeks PMA. Moreover, infants who received PFOS showed further reduction in time to reach FOF by 4 days. These infants were capable of taking sufficient oral feeds at a mean PMA of 35 weeks, a feeding competence comparable to infants born at 35 weeks' gestation [73] . The previous studies of PFOS have mainly focused on the efficacy of PFOS on NNS development [36] [37] [38] . This multicenter RCT evaluated the effect of PFOS on nutritive feeding competency. Collectively, results from these studies have demonstrated a consistent positive effect of PFOS throughout oral feeding development, from establishment of NNS to more mature, nutritive feeding.
Our subgroup analysis showed minimum effects of PFOS on FOF and length of NICU stay in the 26-28 weeks GA subgroup (Table 2 and Fig 4) . In contrast, a previous study has shown PFOS to be more effective in improving NNS and shortening of NICU stay in less mature infants (23-28 weeks) with chronic lung disease compared to more mature infants (30-34 weeks) with only respiratory distress syndrome or no respiratory complications [74] . Although both studies used the same PFOS entrainment regimen, the timing of initiating intervention was different: our study initiated intervention at 30-32 weeks PMA, while the previous study initiated intervention later, at 34-35 weeks PMA. Thus, the efficacy of PFOS may depend on the timing of intervention, targeting a critical period for feeding development. The timing of intervention in this study may be too early and or too short a duration for infants born at a younger gestation who are at a higher risk for delayed feeding development [53] [54] [55] .
Independent oral feeding is an essential physiologic competency and often a limiting step for discharging preterm infants from the NICU [9] . A recent meta-analysis showed non-nutritive training with a regular pacifier, compared to providing no intervention, reduced LOS (-4.6 days, n = 501) [3] . In our study, in comparison to regular pacifier training, PFOS reduced LOS by 6 days. This reduction, however, did not reach statistical significance in the time-toevent, possibly due to the fact that our study was not powered to show this difference using Cox proportional hazards models. Future studies with larger sample size are needed to determine the effect of PFOS on LOS. In the 28-30 weeks subgroup, we observed a 10-day reduction in LOS. This suggests that the effects of PFOS may not be limited only to the oral system, but may also influence other developmental processes affecting LOS. Mature cardiorespiratory control is another essential physiologic competency for hospital discharge and apnea is a common reason for prolonging NICU stays [75] . Further studies are needed to determine whether PFOS affects maturation of respiratory control as well as other factors influencing infant and parental readiness for discharge.
This clinical trial was conducted in different hospital settings and enrolled infants of diverse racial ethnic backgrounds, making it generalizable in the study preterm infant population. In addition, clinical nurses, occupational and physical therapists performed PFOS interventions, demonstrating that it is feasible in clinical practice.
This study has several limitations. We were not able to study infants born before 26 weeks' gestation because of their medical instability during the predefined time period of interventions. Apnea, bradycardia, and desaturation are common reasons for feeding intolerance and delayed NICU discharge, but we collected vitals only during training sessions to monitor safety of the interventions. Examining these data until time of discharge might allow evaluation of the impact of PFOS on cardiorespiratory stability. We did not collect data on breastfeeding, parental involvement, or parental readiness to bring their infant home. PFOS training produces effective oral sensory input and can be used as an adjunct tool for therapists and caregivers to support preterm infant oral feeding development. However, its clinical application should be in the context of providing individualized care that is appropriate for the infants' overall physiological and behavioral development.
Conclusions
PFOS supports feeding development and shortens time to full oral feeds in very preterm infants. It helps them achieve the normal milestone of independent oral feeding and shortens LOS. A better understanding of how GA, chronological age and lung disease interact with the genetic control of feeding development can further improve our ability to effectively utilize different feeding entrainments in clinical practice [76] . 
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